Data of a comprehensive laboratory study on the coexistent system of wind waves and opposing swell (Mitsuyasu and Yoshida, 1989 ) have been reanalyzed to clarify the air-sea interaction phenomena under the coexistence of wind waves and swell. It is shown that the magnitude of the decay rate of swell due to an opposing wind is almost the same as that of the growth rate of swell caused by a following wind, as measured by Mitsuyasu and Honda (1982) . The decay rate is much smaller than that obtained recently by Peirson et al. (2003) , but the reason for the disagreement is not clear at present. The effect of an opposing swell on wind waves is very different from that of a following swell; wind waves are intensified by an opposing swell while they are attenuated by a following one. The phenomenon contradicts the model of Phillips and Banner (1974) , but the reason for this is not clear at this time. The high-frequency spectrum of wind waves shows a small increase of the spectral density. Wind shear stress increases a little due to the effect of opposing swell. The intensification of wind waves by opposing swell and the small increase of the spectral density in a highfrequency region can be attributed to the increase of wind shear stress. Such organized phenomena lead to the conclusion that the hypothesis of local equilibrium for pure wind waves (Toba, 1972) can also be satisfied for wind waves that coexist with opposing swell. The recent finding of Hanson and Phillips (1999) can be explained by this mechanism.
ing on the direction of the wind relative to the propagation direction of the swell. At the same time, the wind wave changes due to the effects of swell; attenuation of wind waves is caused if the following swell is steep. Furthermore, sea surface roughness may be affected by steep swell entering a wind area.
In order to clarify such complicated phenomena, about 15 years ago we conducted a comprehensive laboratory study on air-sea interactions under the existence of opposing swell (Mitsuyasu and Yoshida, 1989) . Unfortunately, however, results of the study were published only in the Bulletin of the Research Institute for Applied Mechanics of Kyushu University (in Japanese), although some selected results concerning special phenomena were published in the proceedings of several international symposia and international journals (Mitsuyasu and Yoshida, 1991; Mitsuyasu, 1992 Mitsuyasu, , 1997 ).
Introduction
During the past forty year or so, many studies have been conducted on the effect of swell on air-sea interactions (Mitsuyasu, 1966 (Mitsuyasu, , 1997 Phillips and Banner, 1974; Wright, 1976; Hatori et al., 1981; Donelan, 1987 Donelan, , 1999 Dobson et al., 1988; Tsuruya, 1988; Masson, 1993; Sakai et al., 1994; Hanson and Phillips, 1999; Mitsuyasu and Maeda, 2002) . However, the problem is still controversial and consistent results have not yet been obtained (Hanson and Phillips, 1999) . Furthermore, many of these studies are concerned with individual phenomena such as attenuation of wind waves by following swell, growth of swell by following wind, and attenuation of swell by opposing wind, but these phenomena are generated simultaneously. For example, when swell enters a wind area the swell is developed or attenuated by the wind, depend-matically in Fig. 1 . A flap-type wave generator at the righthand side of the flume generates swell (monochromatic wave). The swell periods were T = 0.620, 1.024 (sec) and their initial heights were H = 1.3, 2.6 (cm) for the waves of T = 0.620 (sec) and H = 3.0 cm for the wave of T = 1.024 sec. The swell energy was absorbed in a beach installed at the left-hand side of the flume. A centrifugal fan (outside the figure to the left) sends the wind in the opposite direction to the swell. The wind speed is monitored with a Pitot static tube installed 15 cm above the transition plate at the inlet of the flume. The wind speed measured at this point is used as a reference wind speed and is denoted Ur. The reference wind speed was changed stepwise as Ur (m/s): 5.0, 7.5, 10.0 and 12.5. Wind generates wind waves, which propagate from left to right through the test section of the flume, finally to be absorbed by a wire-mesh filter in front of the wave generator. Swell (mechanically-generated wave) passes through the filter, with small attenuation, since it has a longer period than that of the wind wave. Waves were measured at eight stations (No. 1~No. 8) using resistance type wave gauges installed in the flume at 1 m separations. Waves were recorded with a digital data recorder at a sampling frequency of 200 Hz. The vertical wind profile over the water surface, U(z), was measured with a Pitot static tube at four stations, F1~F4. The experimental conditions are summarized in Table 1 . thors have come to the conclusion that the publication of the total results of our previous study for the international community is necessary to present fundamental reference data for similar studies. In the present paper we present the comprehensive results of our previous study, after reexamination of the important results of that study in light of other recent studies.
Equipment and Procedures

Wind-wave flume and measurements
The experiment was carried out in a small wind wave flume 0.8 m high (water depth 0.35 m), 0.6 m wide and with the usual 15 m long test section. The air gap between the still water surface and a transition plate is 5 cm. The arrangement of the equipment is shown sche- 
Experimental procedure
The wave measurements were done under the following three different conditions; pure wind waves without swell, wind waves coexisting with opposing swell, and swell without wind. Practical procedures are as follows: wind-generated waves in a steady state were measured first, then swell was generated and sent into a generation area of the wind waves and the coexistent system of wind waves and opposing swell in a steady state was measured. In order to determine the attenuation rate of the swell due to water viscosity, the swell was measured independently without wind action. The attenuation data determined from the latter measurement were used to determine the attenuation rate of swell due to opposing wind by correcting for the effect of water viscosity. Wind profiles were also measured independently of the wave measurements for each water surface condition.
Analysis of the wave data
The wave data from each run were divided into six samples, each of which contained 4096 digitized data. Power spectra of waves were computed through a FFT method using each 4096-point data set. After taking the sample mean of six spectra, the spectra were smoothed using triangular filters. Numbers of the spectral lines within the filter were adjusted depending on each frequency band, as shown in Table 2 .
Results
Wind profiles and water surface roughness
Vertical wind profiles over the water surface, U(z), were measured both for pure wind waves and for the coexistent system of wind waves and opposing swell. Figure 2 shows some examples of wind profiles over pure wind waves, which were measured at a fetch F = 5.845 m.
As shown in Fig. 2 the wind profiles show the wellknown logarithmic distribution,
where u * (= τ ρ / a ) is the friction velocity of the wind, τ the wind shear stress, ρ a the air density, κ the Kármán's constant (≈0.4) and Z 0 the roughness parameter. Figure 3 shows the wind profiles over the water surface where wind waves and opposing swell coexist. For comparison, the wind profiles over pure wind waves without swell shown previously in Fig. 2 , are inserted in the figure with broken lines without showing the data points. Figure 3 shows that opposing swell causes a slight change of the wind profile in the direction of increasing friction velocity. The values of u * and Z 0 were determined by fitting the logarithmic distribution (1) to the measured wind profiles. Furthermore, we determined the wind speed U 10 at height Z = 10 m by These characteristic wind speeds will be used later in the analysis of wave data. In order to clarify the change of surface roughness due to opposing swell we determined the drag coefficient Figure 4 shows the relation between the drag coefficient C D and the wind speed U 10 . The solid line is a leastsquare fit to the present data, which is given by
and the broken line corresponds to the relation for a pure wind wave surface, which is taken from Mitsuyasu and Kusaba (1984) and is given by
Although the data scatter considerably, the following trends can be seen.
1) The drag coefficient increases slightly due to the coexistence of opposing swell.
2) There seems to be a systematic change of C D due to fetch. The second statement implies the following property: We can see four clusters of the data in Fig. 4 . The clusters of the data correspond to four reference wind speeds, Ur (m/s): 5.0, 7.5, 10.0, and 12.5. Although the fetch is not shown in the figure, scatter of the data within each cluster is due to the effect of the fetch. The fetch-dependence of the drag coefficient may be expected, because wind waves develop with fetches and their scales as a surface roughness increase with fetches. Fetch-dependence or wave-dependence of wind shear stress will be discussed later in Subsection 3.3. Figure 5 shows some examples of the spectra of swells (mechanically-generated monochromatic waves) without wind action, which were measured at station Nos. 2, 4, 6 and 8. As usually observed, the spectra show many higher harmonics due to the nonlinearity of water waves. Figure 6 shows the spectra of pure wind waves measured at the same stations for a wind speed of Ur = 7.5 m/s. The swell spectra and the pure wind wave spectra were used as reference data for the analysis of the spectral data of the coexistent system of wind waves and opposing swell.
Wave spectra
Figures 7(a) and (b) show sample records of the coexistent system of wind waves and opposing swell. In these figures, F means the fetch measured from the end of the transition plate and X means the distance measured from the end (left side) of the wave filter. With increasing fetch (from the top to the bottom), the waveform gradually becomes complicated due to the growth of wind waves superimposed on the opposing swell. Note that the swell is propagating in the opposite direction, from the bottom to the top. Therefore we can clearly see the attenuation of the short-period swell (cf. Fig. 7 (a)). Figure 8 shows some examples of the spectra of coexistent system of wind waves and opposing swell. A very sharp peak in the low-frequency region corresponds to the swell spectrum and a secondary peak in the high-frequency region corresponds to the wind wave spectrum. In the present experiment the wind wave spectrum and the swell spectrum have different frequency regions, as can be seen in Fig. 8 . Therefore, we can separate their energies, as shown schematically in Fig. 9 .
The swell energy E s can be computed from the spectrum of a coexistent system φ( f ) by 
After visual inspection of the spectra of the coexistent system, characteristic frequencies f 1 and f 2 were determined respectively as f 1 = 1.8 Hz and f 2 = 40 Hz.
The dependence of sea surface roughness on wind waves
In order to clarify the dependence of the water surface roughness on wind waves we correlated the drag coefficient C D with two different wave-dependent parameters, the dimensionless wind wave energy g E w /u * 2 and the wave Reynolds number E w u * /ν. Here g is the acceleration of gravity, E w is the energy of wind waves coexisting with opposing swell, which is determined from Eq. (8), and ν is the kinematical viscosity of the air. The results are shown in Figs. 10 and 11. We can see from these figures that the fetch-dependent scatter of the data shown in Fig. 4 decreased considerably in Figs. 10 and 11, though some scattering of the data still remains. The best-fit curves for the data are given by . .
Based on the hypothesis of the local equilibrium of winds and wind waves, Masuda and Kusaba (1987) and Kusaba and Masuda (1988) conducted interesting studies on sea surface roughness. They introduced an important dimensionless parameter that controls the sea surface roughness, a wind-wave parameter defined by u * ω p / g (=2πu * f m /g), where ω p is the angular frequency of a spectral peak. The wind-wave parameter corresponds to a dimensionless spectral peak frequency. If local equilibrium is satisfied, the wind-wave parameter u * ω p /g (=2πu * f m /g) is equivalent to the dimensionless wind wave energy g E w /u * 2 , which is used in Eq. (9). The present data therefore support approximately the idea proposed by Masuda and Kusaba (1987) . However, it is important to realize that E w in Eqs. (9) and (10) includes the energy of wind waves coexisting with and affected by opposing swell, as well as the energy of pure wind waves.
Attenuation of swell by opposing wind
The attenuation of swell is caused not only by the effect of opposing wind but also by the viscous effect of the water. Therefore, the attenuation of the swell energy E can be written as
where E 0 is an initial swell energy, E is the swell energy at a propagation distance x, α is an exponential decay rate due to opposing wind and α 0 is an exponential decay rate due to water viscosity. Attenuation of swell energy due to water viscosity can be written as
where (E) 0 is the swell energy at the propagation distance x without wind action and (E 0 ) 0 is the initial swell energy without wind action. From Eqs. (11) and (12) we can get the following relation by dividing Eq. (11) with Eq. (12) and putting E 0 = (E 0 ) 0 Normalized swell energy E/(E) 0 was plotted against x/λ to determine the exponential decay rate α due to opposing wind. Some examples of the results are shown in Figs. 12(a) and (b). As shown in these figures, the data follow Eq. (13) very well, except for a region of large x/λ values, where the friction velocity of the wind is a little lower than the other area due to the gap between the transition plate and the water surface. By fitting Eq. (13) to the measured data, the exponential decay rate α was determined, where three data for the large values of x/λ were eliminated in the curve fitting for the reason mentioned above. Further, by using a relation x = C g t, the spatial decay rate α was converted to a temporal decay rate β as
We correlated a dimensionless decay rate β/f with typical dimensionless wind speeds u * /C and |(U λ /C) -1| as shown in Figs. 13 and 14 , and obtained the following relations, . ,
.
where U λ is the wind speed at the height of one wave length λ. Several studies have been published on the attenuation of surface waves by opposing wind. Al-Zanaidi and Hui (1984) reported a theoretical study on the airflow over a wavy surface using a two-equation closure model for the boundary layer turbulence, and determined the growth rate due to following wind and the decay rate due to opposing wind. Their computed decay rate is given by They also used the same theoretical model to compute the growth rate of water waves due to a following wind, which was about 1.5 times greater than the decay rate. Recently Donelan (1999) reported an interesting study on the wind-induced growth and attenuation of laboratory waves. He measured the direct energy input to pure wind waves, and that to the coexistent system of wind waves and following (or opposing) swell, respectively, by computing the fractional energy input to each wave from the data of the quadrature spectrum between air-pressure and water-surface elevation. It should be noted that the swell used in his experiment is not monochromatic waves but has the spectral form of a JONSWAP type. The wind-induced attenuation rate of the swell by opposing wind is given, after slight modification, by The conversion was done simply by dividing the front constant in Eq. (19) by 1.2 in reference to the study of Mitsuyasu and Kusaba (1988) . In their study, the windinduced growth rate of laboratory waves was measured and the growth rate was correlated with various representative wind speeds, such as u * , U λ , U λ/2 and U 10 . The ratio of the constant in the form for U λ/2 and that for U λ gives approximately 1.2 (see Appendix). Quite recently, Peirson et al. (2003) measured the attenuation of mechanically generated waves due to an opposing wind. They used almost the same technique as ours; they directly measured the attenuation of mechanically generated monochromatic waves due to an opposing wind. They obtained the following relations . .
. Figure 15 shows our present relation Eq. (15) and a modified form of the relation of Peirson et al. (2003) Eq. (24), where the friction velocity of the wind, u * is used as a reference wind speed. As a reference, the relation for the growth rate of water waves due to a following wind It is interesting that the present relation for the decay rate of water waves due to opposing wind is, in a range 0.1< u * /C <1.0, quite similar to the relation for the growth rate of water waves due to following wind, except for the sign. This is different from the results reported by Al-Zanaidi and Hui (1984) and Donelan (1999) , which show much a larger growth rate than decay rate. With regard to the results of Al-Zanaidi and Hui (1984), since they made several assumptions on the boundary layer over the wave surface in their theoretical computations, there may be a possibility that their assumptions are different from our experimental conditions. Furthermore, the values of the decay rate and the growth rate themselves are slightly different from ours. The modified form Eq. (24) of the relation Eq. (22) obtained by Peirson et al. (2003) gives much larger values, about 3.5 times larger than those given by the present one, Eq. (15). Figure 16 shows our present relation Eq. (16), a modified form Eq. (20) of the relation Eq. (19) of Donelan (1999) , and the modified form Eq. (25) of the relation Eq. (21) of Peirson et al. (2003) . As references, Fig. 16 includes the relation Eq. (18) of Al-Zanaidi and Hui (1984) and the following relation for the growth rate of water waves by following wind (Mitsuyasu and Kusaba, 1988) , Figure 16 shows that the relation Eq. (25) of Peirson et al. (2003) gives the largest values among these relations and it gives about double the value that our present relation Eq. (16) gives. The relation obtained by Donelan (1999) Eq. (20) is almost the same as the relation Eq. (27) for the growth rate of water waves due to a following wind (Mitsuyasu and Kusaba, 1988) . The relation Eq. (18) of Al-Zanaidi and Hui (1984) gives the smallest value among these relations and it gives a value one order of magnitude smaller than that given by the relation of Peirson et al. (2003) .
It is an unexpected result that the relation of Peirson et al. (2003) gives about twice (in the expression using U λ ) or 3.5 times (in the expression using u * ) greater values than those of our present relations. They used experimental conditions which are quite similar to those of Mitsuyasu and Honda (1982) , except for the wind direction; the frequency of paddle waves, their wave steepness and wind speeds used in their experiment are almost the same as those given in Mitsuyasu and Honda (1982) . Furthermore, they used the same technique as ours for the determination of decay rate of waves due to an opposing wind. Our present experiment was performed in the same wind wave flume as used by Mitsuyasu and Honda (1982) and the experimental conditions are quite similar to those in their study, except for the wind direction.
One of the sources of uncertainty in these results is the friction velocity of the wind. The friction velocity of the wind in the flume is not only difficult to determine but also not uniform along the wind wave flume. Due to the boundary condition of the tank and also the change of water surface condition along the flume, the friction velocity changes slightly along the flume. We used averaged values of the friction velocities measured at three stations along the tank, while Peirson et al. (2003) used the value at one station near the center of the test section. However, such an uncertainty will introduce differences in the results of at most some ten percent.
One of the large differences in these two experiments is a different scale of the wind wave flume. We used a wind wave flume 0.8 m high (water depth 0.35 m), 0.6 m wide and with a test section about 15 m long, while they used a wind wave flume 1.55 m high (water depth 1.1 m), 0.9 m wide and with a test section about 10 m. Although the air gap of their tank is the same as ours, the width of their tank is 1.5 times wider than ours and the water depth in their tank is about three times deeper than ours.
Recently Mizuno (2003) reported a fundamental study on the effect of swell on wind-induced current. He found the following very interesting phenomena. 1) In addition to a primary flow (dominant drift current and its return flow), wind generates a secondary flow (downward flow near both side walls of the flume, upward flow near the center line of the flume).
2) These flow structures are considerably affected by swell; a following swell strengthens the secondary flow and weakens the primary flow, while an opposing swell weakens the secondary flow and strengthens the primary flow. The latter phenomenon was also found by Cheng and Mitsuyasu (1992) .
Although Mizuno (2003) was mainly concerned with the effect of swell on the wind-induced current system in the flume, the swell will also be affected by the flow structure. If the interaction between the swell and wind-induced current is one of the important factors for the attenuation of swell by opposing wind, as suggested by Peirson et al. (2003) , the difference in the flume (particularly its aspect ratio) will introduces some difference in the attenuation rate of swell, because the secondary flow usually depends on the aspect ratio of the tank (on the water side): it is weak for large aspect ratio (wide tank) and strong for small aspect ratio (narrow tank). The aspect ratio of the tank used by Peirson et al. (2003) is 0.82 and that of our tank is 1.7, i.e., it is about twice as large.
However, for more detailed discussions we need more fundamental data, both on the wind induced current system in the flume and on the interaction between swell and the current system. Furthermore, if the windinduced current plays an important role in the phenomena, there may be a possibility that the phenomena observed in the ocean are slightly different from those in a laboratory flume, because the wind-induced current in a laboratory flume is affected, to some extent, by boundary conditions and it will be slightly different from the wind-induced current in the ocean.
Effect of opposing swell on the growth of wind waves
Attenuation of wind waves by a following steep swell was discovered many years ago (Mitsuyasu, 1966; Phillips and Banner, 1974) . This phenomenon has been confirmed later in many studies (e.g., Hatori et al., 1981; Donelan, 1987 Donelan, , 1999 Sakai et al., 1994) , though the attenuation mechanism is still controversial.
In contrast to many studies on the effect of following swell on wind waves, there have been few studies on the effect of opposing swell. Dobson et al. (1988) analyzed their field data of ocean waves and reported that an opposing swell does not influence the growth of fetchlimited wind waves. Recently, Hanson and Phillips (1999) investigated wind sea growth and dissipation in a swelldominated open ocean environment. They obtained a similar result; dimensionless wind sea energy is scaled with inverse wave age, independently of swell.
Typical examples of our measured frequency spectra of co-existent systems of wind waves and opposing swell are shown in Fig. 17 , where the spectra of pure wind wave unaffected by the swell (dotted curves) are superimposed for comparison. These figures show four spectra measured at four different fetches, though the spectra were actually measured at eight different fetches. Figure  18 shows similar spectra of a co-existent system for different swell of short period. In each spectrum a sharp spike in the low-frequency side corresponds to the swell spectrum and a gentle peak in the high-frequency side corresponds to the wind wave spectrum. Figure 17 shows a secondary spike that corresponds to a secondary harmonic of the swell spectrum, while it cannot be seen in Fig. 18 . In the latter case, the secondary harmonics might submerge into the wind wave spectrum.
One of the most interesting things in the spectra shown in Figs. 17 and 18 is the increase of the spectral energy of wind waves coexisting with opposing swell as compared to those without swell. Furthermore, the spectral peak of the wind waves is shifted to the low-frequency (Mitsuyasu, 1966) . height H 1 under wind action was determine from the swell energy E s using the relation
The results are shown in Fig. 19 , where our previous result for the following swell (Mitsuyasu, 1966) is also shown at the lower side of each figure for comparison. Since the data scatters considerably, sectional mean values of E w /(E w ) 0 were plotted in the lower figure. As can be seen from Fig. 19 , an opposing swell displays a quite different effect on wind waves; it intensifies the growth of wind waves, while the following swell attenuates wind waves. This is quit different from the prediction of the theory of Phillips and Banner (1974) , which predicts the attenuation of wind waves by swell irrespective of its direction, though the attenuation rate is slightly different. We tried to apply the model of Chen and Belcher (2000) , but were unsuccessful. Further studies are needed to clarify this problem.
Effect of opposing swell on the high frequency spectrum of wind waves
High frequency components of wind waves are important not only for air-sea interactions but also for microwave remote sensing of the sea surface. For example, the wind-speed dependence of the high-frequency components of wind waves is used to measure sea surface wind with a microwave scatterometer. Figure 20 shows the wind-speed dependence of the spectrum of wind waves coexisting with opposing swell. The spectra shown in the left figure were measured at the fetch F = 5.86 m and those in the right figure were measured at fetch F = 9.86 m, both for wind speeds Ur = 5.0, 7.5, 10.0 and 12.5 side. That is, an opposing swell intensifies the growth of wind waves, while a following swell suppresses the growth of wind waves, as reported in many previous studies. In order to examine the effect of opposing swell on wind waves quantitatively, the energy of wind waves coexisting with opposing swell is normalized by the energy of wind waves without swell and plotted against the steepness of the swell under wind action, H 1 /λ. Here the swell (m/sec). We can see the usual systematic increase of the high frequency spectrum of wind waves with increasing wind speed. However, we need to confirm whether or not such a property is the same as that without opposing swell. As for the effects of following swell, Mitsuyasu (1997) found that the effect is negligibly small.
For this purpose we look back Figs. 17 and 18, shown previously. We can see that the high frequency part of the wind wave spectrum is not much affected by opposing swell either. However, closer examination of the figures shows a small increase of the spectral energy in a high frequency region. This can be attributed to the small increase of wind shear stress by opposing swell, which has been discussed in Subsection 3.1.
Local equilibrium of winds and wind waves coexisting with opposing swell
The increase of wind shear stress by opposing swell and the increases of the spectral energy, not only in a dominant frequency region but also in a high-frequency region of the wind wave spectrum, suggest the local equilibrium of winds and wind waves coexisting with opposing swell. Toba (1972) proposed the "three-second power law" based on the hypothesis of the local equilibrium of winds and wind waves. In order to confirm this, we plotted the dimensionless wind wave energy g E w /u * 2 against the dimensionless spectral peak frequency u * f m /g in Fig. 21 . The solid line in the figure shows a form of the "three-second power law" derived from our previous data of pure wind wave spectra (Mitsuyasu, 1968) 
/ . As shown in the figure, wind waves coexisting with opposing swell satisfy the hypothesis of local equilibrium and the "three-second power law". The result also supports the finding of the field observation by Hanson and Phillips (1999) , that dimensionless wind wave energy is found to scale with inverse wave age independently of swell. Sakai et al. (1994) reported a similar study on the local equilibrium of winds and wind waves coexisting with a following swell. They plotted the dimensionless wind wave energy and the dimensionless spectral peak frequency respectively against a dimensionless fetch. The relation between the dimensionless spectral peak frequency of wind waves and the dimensionless fetch is unaffected by the following swell. However, the dimensionless wind wave energy coexisting with a following swell depends not only on the dimensionless fetch but also on the steepness of the swell. A universal form for the local equilibrium of winds and wind waves can therefore not be obtained for wind waves coexisting with a following swell.
Application to Oceanographic Phenomena
As far as pure wind waves are concerned, dynamical similarity is satisfied approximately both for laboratory wind waves and for wind waves in the ocean (e.g., Mitsuyasu, 1968; Hasselman et al., 1973; Donelan et al., 1985) . That is, wind waves follow almost the same fetch relations or satisfy the same "three-second power law" (Toba, 1972) . As for wind waves coexisting with swell, most of the wave observations in the ocean show little effect of swell on wind waves (Dobson et al., 1988; Hanson and Phillips, 1999) , the dominant reason being that, in many cases, the steepness of swell is very small in the ocean. This is partly due to the fact that the swell has from a far distant origin and further, its growth rate is very small, even in a following wind area because of its small inverse wave age, as mentioned by Chen and Belcher (2000) . As shown previously in Fig. 19 , the effect of swell of small steepness, says H/λ < 0.01, is very small for wind waves regardless of the swell direction. This fact must be borne in mind, because in many laboratory experiments we usually use swell of relatively large steepness in order to give it a prominent effect.
Furthermore, for the case of opposing swell, the present study shows that the swell intensifies both wind shear stress and wind wave energy and does not disturb the local similarity of wind and wind waves. This provides an explanation for the result of Hanson and Phillips (1999) , that dimensionless wind wave energy is scaled with inverse wave age independently of swell. However, this is not the case for following swell. As clearly shown by Sakai et al. (1994) dimensionless wind wave energy decreases with the increase of swell steepness, while dimensionless spectral peak frequency, which corresponds to the inverse wave age, is not affected by the following swell. Therefore, dimensionless wind wave energy can- not be scaled universally with the inverse wave age as far as laboratory wind waves and following swell are concerned. However, if the swell steepness is small, its effect on wind waves will be small too, as mentioned above.
Conclusions
The magnitude of the attenuation rate of swell by an opposing wind is almost the same as that of the growth rate of swell caused by a following wind, except for its negative sign. This is different from the results of AlZanaidi and Hui (1984) and Donelan (1999) ; their results give a greater magnitude of the growth rate of swell due to a following wind than that of the attenuation rate of swell by an opposing wind. The attenuation rate reported here is much smaller than that observed recently by Peirson et al. (2003) , though the reason is not clear. The difference in the scale of wind-wave tank and associated difference of current structure may provide some explanation, but this problem is left for future studies.
Wind wave energy tends to increase with the increase of the steepness of opposing swell. This trend is very different from that shown by a following swell; as usually observed, wind wave energy decreases with increasing the steepness of following swell. The phenomenon is very different from the prediction of the model of Phillips and Banner (1974) . Further studies are needed to clarify the problem. Opposing swell also increases wind shear stress and accordingly the drag coefficient of the water surface increases. The drag coefficient of the water surface is well correlated with dimensionless wind wave energy and Reynolds number, even when the opposing swell coexists.
A more important point is that the local equilibrium of winds and wind waves is satisfied, even when wind waves coexist with opposing swell. In association with relatively small steepness of swell in the ocean, this provides an explanation for the result of Hanson and Phillips (1999) , that dimensionless wind wave energy in the ocean is scaled with inverse wave age independently of swell. However, the local equilibrium is not satisfied for wind waves coexisting with a following swell.
Spectral energy in a high-frequency region of wind wave spectrum increases slightly due to the effect of opposing swell. This is consistent with the increase of wind shear stress by opposing swell, because the high-frequency spectrum of wind waves depends on the wind shear stress (e.g., Mitsuyasu and Honda, 1974) . In the case of a following swell, however, spectral energy in a high-frequency region of the wind wave spectrum is not affected by the swell, even when the spectral energy in a dominant frequency region is greatly suppressed (Mitsuyasu, 1997) . Since the measured wind shear stress is not much affected by the following swell (Mitsuyasu and Maeda, 2002) , the result seems to be consistent.
